The Madden-Julian Oscillation (MJO) is an important intraseasonal climate signal which circles the global tropics, but also impacts extratropical weather regimes. Few studies have investigated whether the MJO is a source of regional seasonal climate predictability. The present objective is to determine the extent to which the season and phase (geographic location) of MJO contribute to the frequency of global rainfall anomalies in ensuing seasons. Indices of June-July-August and December-January-February MJO activity for each phase and the El Niño/Southern Oscillation (ENSO) were correlated to three-month averages of rainfall up to a six-month lead time. Field significance was calculated and patterns of the relationships were described. In general, MJO shows some skill in regional seasonal precipitation prediction, but to a lesser extent than ENSO. However, the presence of MJO in the western Indian Ocean and near the date line did reveal a persistent and significant relationship with regional seasonal rainfall, especially over Northern Hemisphere land areas.
Introduction
The Madden-Julian Oscillation (MJO), broadly defined as intraseasonal climate variability in the tropics, has recently been identified as an important bridge between weather and climate [1] . Typically, the MJO is used to predict extratropical weather regimes in the gap between synoptic weather prediction and seasonal outlooks [2, 3] . However, since the MJO's center of convection and latent heat release propagate eastward over time, completing a global cycle in 30-60 days, the spatial impact can change based on individual events. A popular index of the MJO was created and divided into eight phases [4] to account for its changing geography. The distribution of rainfall and extreme events has been found to undergo significant changes over many areas of the world during active and quiescent phases of the MJO [5, 6] . However, sometimes it is the accumulated effect of the MJO over a season that is more important for climate teleconnections. Zhang [1] (p. 1850) also notes that "there can be a time lag between the group MJO activities and the climate phenomena they affect," which may include precipitation. In fact, recent work has related the activity of MJO over the Maritime Continent during boreal winter and precipitation six months later over the Caribbean [7] (see their Figure 11 ). It is hypothesized that if the MJO has strong pulses in a particular phase, then the convection and latent heat release can instigate a circumglobal Rossby wave train. If the forced upper-air pattern can remain quasi-stationary for a season or longer, it can, in turn, impact remote oceanic temperatures through an atmospheric bridge mechanism [8] or trigger interannual climate modes such as the North Atlantic Oscillation (NAO) or Pacific North American (PNA) pattern [9] . This leads to the potential for MJO to be an important climate predictor at the seasonal time scale. This study uses the recently developed Geographic Power Index (GPI) [7] to determine the summertime and wintertime "activity" of the MJO at locations along its circumglobal trek and relates that activity to seasonal precipitation over the globe up to a six-month lag. The study focuses on societal impacts by investigating extratropical seasonal precipitation anomalies over land. As stated by Donald et al. [6] (p. 1), "Knowledge of these tropical and extra-tropical MJO-associated weather states can significantly improve the tactical management of climate-sensitive systems such as agriculture." Finally, the El Niño/Southern Oscillation (ENSO) is a primary predictor in seasonal climate outlooks. Therefore, a comparison is made between the seasonal prediction skill of the MJO, as measured by the GPI, and ENSO. Section 2 describes the data and methodology used. Section 3 provides the results. Discussions and conclusions are offered in Sections 4 and 5, respectively.
Data and Methods
The state of the MJO is routinely monitored with the real-time multivariate MJO (RMM) index [4] , which is derived from a combined empirical orthogonal function (EOF) analysis of tropical winds and outgoing longwave radiation. The RMM is divided into eight phases, representing MJO's center of convection: 1 and 8 for the western hemisphere, 2-3 for the Indian Ocean, 4-5 for the Maritime Continent, and 6-7 for the western Pacific. The December-January-February (DJF) GPI was constructed from 1979-2017 by simply summing the RMM value for each phase separately and then normalizing the eight time series independently by their means and standard deviations. RMM values less than one, which are sometimes considered weak or non-existent MJOs, were included in the summation. However, the means and standard deviations of the eight DJF GPIs [7] resemble other climatologies of MJO that do not include these weak events [10, 11] . This procedure was then repeated for June-July-August (JJA). The total number of years in each time series was 38. A large GPI value can be considered an active MJO season. More details on the methodology can be found in [7] . To be consistent with the RMM, which is multivariate, the Multivariate ENSO Index (MEI) was used to quantify ENSO [12] . The MEI was also averaged over DJF and JJA for the same years and normalized.
Seasonal precipitation for the globe at 2.5 • latitude-longitude resolution from 1979-2017 was acquired from the Global Precipitation Climatology Project (GPCP) version 2.3 [13, 14] , a widely used satellite-gauge combined estimate of rainfall. Gauge data in GPCP comes from the Global Precipitation Climatology Centre (GPCC). To enable a more detailed depiction of seasonal precipitation over land, the GPCC 1 • latitude-longitude resolution version 7 (Deutscher Wetterdienst, Offenbach, Germany) product was combined with the GPCC monitoring and real-time products to achieve the same period of record as GPCP [15] . For a sense of the interannual variability of regional precipitation from the GPCC, the coefficient of variation (standard deviation divided by mean) is displayed for the seasons DJF, March-April-May (MAM), JJA, and September-October-November (SON) over the extratropical latitudes in Figure 1 . Many areas exhibit standard deviations greater than 30% of the mean rainfall, with arid and semi-arid locations reaching over 70%, indicating the usefulness of seasonal climate outlooks.
A simple Pearson correlation
(n = 38) was used to estimate the relationships between GPI, MEI and three-month averages of GPCP and GPCC precipitation at every grid box. Precipitation seasons were lagged from the climate indices in one-month increments up to a lag of six months, so that a DJF index was related to January-February-March (JFM), February-March-April (FMA), MAM, April-May-June (AMJ), May-June-July (MJJ), and JJA precipitation; and a JJA index was related to July-August-September (JAS), August-September-October (ASO), SON, October-November-December (OND), November-December-January (NDJ), and DJF precipitation. Correlations significant at the 95th percentile were counted and the point map tested for field significance [16] with the assumption that 5% of the experimental domain would be significant by accident. Thus, the number of significant grid boxes and their spatial relationship is a means to quantify the global impact of MJO on rainfall. Table 1 shows the percentage of the world covered by significant relationships (p < 0.05) between DJF GPI-1 through GPI-8 and lagged seasonal rainfall from JFM to JJA. Likewise, percentages computed using MEI as the predictor are also given for comparison. It is interesting to note that the largest percentages for each MJO phase are not necessarily closest to the DJF season, as is the case for MEI, which shows a reduction of impact from 29.21% in JFM to 11.05% in JJA. Secondly, while MEI is strongly field significant for all predictand seasons as expected, only MJO phases 5 and 6 show field significance, with GPI-5 peaking in spring (MAM) and GPI-6 in summer (JJA). The fact that both show significance might be expected, as they are geographically related, with phase 5 occurring when the convective phase of the MJO is exiting the Maritime Continent and phase 6 occurring when it is entering the western Pacific. None of the GPI percentages are larger than the MEI percentages. Table 2 follows Table 1 , but starts with the JJA GPI and MEI time series. The JJA MJO season appears to have a larger global impact on rainfall than the DJF season, as over half of the time the number of significant correlations is field significant above the 90th percentile ( Table 2 ). This result is curious considering the MJO is weaker in JJA as compared to DJF [17] . However, the reason for boreal summer having a stronger teleconnection with precipitation may be due to the MJO's location of maximum heating. During this season the MJO has a strong northward component [18, 19] , impacting the Asian monsoon system which, in turn, can affect the climate of the northern extratropics [20] . Also, contrary to the DJF case, GPI-5 and GPI-6 are weakly related to global rainfall. However, GPI-2 and GPI-7 have global percentages that are field significant at the 99th percentile for all six seasons. MJO convection during phase 2 is found in the western Indian Ocean, while it is near the international date line during phase 7. Finally, the JJA MEI-rainfall correlations are strongly field significant, with larger global coverage than any of the MJO indices, and unlike the DJF case (Table 1) , the percentages remain consistently high at all lag times. Table 1 shows the percentage of the world covered by significant relationships (p < 0.05) between DJF GPI-1 through GPI-8 and lagged seasonal rainfall from JFM to JJA. Likewise, percentages computed using MEI as the predictor are also given for comparison. It is interesting to note that the largest percentages for each MJO phase are not necessarily closest to the DJF season, as is the case for MEI, which shows a reduction of impact from 29.21% in JFM to 11.05% in JJA. Secondly, while MEI is strongly field significant for all predictand seasons as expected, only MJO phases 5 and 6 show field significance, with GPI-5 peaking in spring (MAM) and GPI-6 in summer (JJA). The fact that both show significance might be expected, as they are geographically related, with phase 5 occurring when the convective phase of the MJO is exiting the Maritime Continent and phase 6 occurring when it is entering the western Pacific. None of the GPI percentages are larger than the MEI percentages. Table 2 follows Table 1 , but starts with the JJA GPI and MEI time series. The JJA MJO season appears to have a larger global impact on rainfall than the DJF season, as over half of the time the number of significant correlations is field significant above the 90th percentile (Table 2 ). This result is curious considering the MJO is weaker in JJA as compared to DJF [17] . However, the reason for boreal summer having a stronger teleconnection with precipitation may be due to the MJO's location of maximum heating. During this season the MJO has a strong northward component [18, 19] , impacting the Asian monsoon system which, in turn, can affect the climate of the northern extratropics [20] . Also, contrary to the DJF case, GPI-5 and GPI-6 are weakly related to global rainfall. However, GPI-2 and GPI-7 have global percentages that are field significant at the 99th percentile for all six seasons. MJO convection during phase 2 is found in the western Indian Ocean, while it is near the international date line during phase 7. Finally, the JJA MEI-rainfall correlations are strongly field significant, with larger global coverage than any of the MJO indices, and unlike the DJF case (Table 1) , the percentages remain consistently high at all lag times. Table 2 . Percentage (%) of globe with significant correlations (p < 0.05) between a measure of June-July-August tropical climate (Madden-Julian Oscillation activity for its eight phases and El Niño/Southern Oscillation (ENSO)) and a sliding seasonal rainfall average from July-August-September to December-January-February for every 2.5 • GPCP grid box (10,368 total JAS: July-August-September, ASO: August-September-October, SON: September-October-November, OND: October-November-December, NDJ: November-December-January.
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MJO and Global Precipiation
Maps of the evolution of significant GPI-precipitation correlations are shown for GPI-5 starting in winter, and GPI-2 starting in summer (Figure 2 ). It should be noted that the typical pattern of MJO convection [4] is not observed in either case at the initial one-month lag. This is not surprising as the MJO is transitory and even the stronger pulses of the MJO in a geographic region could be offset by long quiescent periods leading to normal seasonal rainfall. When MJO convection frequents the Maritime Continent (GPI-5 is positive) in winter, precipitation is reduced over the southeastern U.S., enhanced over the North Atlantic, and reduced from the Azores to the Cape Verde islands in the spring (Figure 2a-c) , consistent with the atmospheric patterns described by [7] . At the same time, precipitation is enhanced over Russia and north of the equator in the western Pacific and reduced over the East China Sea. Correlations become more scattered from spring into summer (Figure 2d-f) , as expected from the lower field significances (Table 1) , but positive correlations can still be found in the Pacific and negative correlations form over the Caribbean, the Maritime Continent, and southeast Australia. June-July-August GPI-2 and precipitation averaged over (g) July-August-September; (h) August-September-October; (i) September-October-November; (j) October-November-December; (k) November-December-January; (l) December-January-February.
For the summer case, significant correlations between GPI-2 and precipitation are widespread in every season, as expected from Table 2 . When MJO convection frequents the western Indian Ocean, precipitation is enhanced over parts of central Asia and Africa, the Caribbean, and high northern latitudes in JAS (Figure 2g) . Further into the fall, MJO-precipitation relationships weaken in the tropics, apart from an increase in positive correlations in northern South America and the Maritime Continent. Following an active MJO in the western Indian Ocean, precipitation decreases in the southwest U.S. and northern Mexico from OND to DJF, while negative correlation values are consistently found around the Caspian Sea and western Pacific in all seasons. These are all areas with strong interannual variability according to GPCC (Figure 1) . The lack of resemblance between the patterns identified in Figure 1 and precipitation anomalies typical in the months following ENSO [21] suggests that MJO is affecting seasonal precipitation independently. However, it is well established that ENSO and MJO are related and can affect each other at time lags [22] [23] [24] [25] . Thus, the correlations between MEI and all eight GPI indices were calculated. No statistically significant relationship was found in the DJF season; however, JJA MEI is significantly correlated (p < 0.05) with GPI-3, GPI-4, and GPI-7. In the next section, the response in the extratropics to these two tropical climate phenomena is studied in more detail.
MJO and Extratropical Land Precipitation
As in Tables 1 and 2, Tables 3 and 4 show spatial percentages covered by significant (p < 0.05) correlations, but restricted to the Northern Hemisphere extratropics (30-90 • N). Also, GPCC is used so the results are at a finer grid spacing (1 • ) and only cover land areas. Overall, the proportion of significant MJO-rainfall correlations is slightly higher when only Northern Hemisphere land is considered. However, the proportion of significant ENSO-rainfall correlations is substantially reduced. Only the DJF MEI correlated to MAM precipitation achieves field significance. For the winter case (Table 3) , the GPI-5 and GPI-6 indices are not as well related to Northern Hemisphere land precipitation as they were for the entire globe (Table 1) , only reaching field significance at the 10% level in MAM, and having smaller percentages than the MEI during this season. However, GPI-7, when the active MJO is near the date line, is better related to Northern Hemisphere land precipitation, reaching field significance in MJJ and JJA with percentages of 7.84% and 9.21%, respectively, and even outperforming MEI (percentages of 6.41% and 6.78%). Figure 3 shows the land areas where GPI-7 and MEI have a significant relationship with rainfall. Similarities are apparent over the Asian continent, with both indices showing positive correlations south of 50 • N between 60 • E and 120 • E (areas with a large coefficient of variance, Figure 1 ). However, GPI-7 has stronger negative correlations in western Russia, and MEI has stronger negative correlations in far eastern Russia (Figure 3) . Over North America, GPI-7 shows predominantly negative correlations in JFM and FMA, while MEI shows a pattern consistent with positive rainfall anomalies across the southern tier of the U.S. during El Niño. From AMJ to JJA the MEI correlations over North America fade, while areas of positive correlation between GPI-7 and rainfall are still apparent over the northern U.S. and Canada. For the summer case (Table 4) only GPI-2 and GPI-7 continue to show a relationship with precipitation: GPI-2, when the active MJO is in the western Indian Ocean, for the entire suite of seasons, and GPI-7 only from OND to DJF. Interestingly, the JJA MEI-rainfall relationships do not achieve field significance in any season, and GPI-2 has consistently larger percentages. Figure 4 shows the land areas where GPI-2, GPI-7, and MEI have a significant relationship with rainfall. The GPI-2 maps (Figure 4a-f) are essentially identical to the Northern Hemisphere land portions of the global maps shown earlier in Figure 1g -l, which is not surprising considering GPCC data is used in For the summer case (Table 4) only GPI-2 and GPI-7 continue to show a relationship with precipitation: GPI-2, when the active MJO is in the western Indian Ocean, for the entire suite of seasons, and GPI-7 only from OND to DJF. Interestingly, the JJA MEI-rainfall relationships do not achieve field significance in any season, and GPI-2 has consistently larger percentages. Figure 4 shows the land areas where GPI-2, GPI-7, and MEI have a significant relationship with rainfall. The GPI-2 maps (Figure 4a-f) are essentially identical to the Northern Hemisphere land portions of the global maps shown earlier in Figure 1g -l, which is not surprising considering GPCC data is used in constructing the satellite-gauge combined GPCP version 2.3 product. The GPI-7 maps (Figure 4g-l) share a striking resemblance to the MEI maps (Figure 4m-r) , although GPI-7 has many more positive correlations in central Asia than MEI, especially in OND. As expected from the map analysis, JJA MEI and JJA GPI-2 are weakly correlated (−0.18, p = 0.273), but there is a significant correlation between JJA MEI and JJA GPI-7 (0.40, p = 0.013). Thus, it could be argued that ENSO, rather than an active MJO near the date line, may be the driving force behind the observed precipitation relations. In fact, when the MJO is in this region of the Pacific it can stochastically force El Niño events through the generation of westerly wind bursts [23, 26] . (d) October-November-December; (e) November-December-January; (f) December-January-February. June-July-August GPI-7 and precipitation averaged over the same seasons (g-l). June-July-August MEI and precipitation averaged over the same seasons (m-r).
Spatial percentages covered by significant (p < 0.05) correlations were examined for a third time, but now restricted to land within the Southern Hemisphere extratropics (30-90° S). The number of relationships that achieve field significance decreases dramatically, partially due to the lack of land areas in the Southern Hemisphere. In fact, there is no power in the DJF MJO and MEI indices for predicting rainfall into the austral winter (percentages not shown). For the winter season case (JJA), only MJO activity near the date line (GPI-7) and ENSO (MEI) is related to Southern Hemisphere land precipitation in the following seasons (Table 5 ). In the Northern Hemisphere case, GPI-7 appeared to be related to ENSO (Figure 4 ) and the significant percentages were in the last three seasons (Table 4 ). In the Southern Hemisphere case, the significant percentages were found in the first four seasons from JAS to OND (Table 5) . Figure 5a -f shows the land areas covered by significant correlations between GPI-7 and rainfall. South America is positive, Australia is negative and Africa is weakly related, switching from positive to negative values around OND. Many of these land areas have Spatial percentages covered by significant (p < 0.05) correlations were examined for a third time, but now restricted to land within the Southern Hemisphere extratropics (30-90 • S). The number of relationships that achieve field significance decreases dramatically, partially due to the lack of land areas in the Southern Hemisphere. In fact, there is no power in the DJF MJO and MEI indices for predicting rainfall into the austral winter (percentages not shown). For the winter season case (JJA), only MJO activity near the date line (GPI-7) and ENSO (MEI) is related to Southern Hemisphere land precipitation in the following seasons (Table 5 ). In the Northern Hemisphere case, GPI-7 appeared to be related to ENSO (Figure 4 ) and the significant percentages were in the last three seasons (Table 4 ). In the Southern Hemisphere case, the significant percentages were found in the first four seasons from JAS to OND (Table 5) . Figure 5a -f shows the land areas covered by significant correlations between GPI-7 and rainfall. South America is positive, Australia is negative and Africa is weakly related, switching from positive to negative values around OND. Many of these land areas have coefficient of variance values greater than 30% (Figure 1) . MEI (Figure 5g-l) shows similar relationships, but the timing is different. For example, the strongest positive correlations over South America are mostly from OND to DJF. Nevertheless, it appears that the only impacts of MJO on Southern Hemisphere rainfall from austral winter to summer may be an imprint of the ENSO phenomenon. (Figure 1 ). MEI (Figure 5g-l) shows similar relationships, but the timing is different. For example, the strongest positive correlations over South America are mostly from OND to DJF. Nevertheless, it appears that the only impacts of MJO on Southern Hemisphere rainfall from austral winter to summer may be an imprint of the ENSO phenomenon. Significant correlations (p < 0.05) over land only. June-July-August GPI-7 and precipitation averaged over (a) July-August-September; (b) August-September-October; (c) September-October-November; (d) October-November-December; (e) November-December-January; (f) December-January-February. June-July-August MEI and precipitation averaged over the same seasons (g-l).
Discussion
While other studies have noted a near-global impact of the MJO on rainfall [6] , this is the first to quantify the relationship using field significance and compare it to ENSO, which is an already established predictor of seasonal rainfall at the global scale. It appears that the phase of the MJO is very important in determining its value as a predictor of seasonal rainfall. In a global sense, boreal winter MJO activity is only important when in phases 5 and 6, or in the Maritime Continent and western Pacific. However, all phases of the MJO except for 6 and 8 (when the MJO is in the Western Hemisphere) show some significant large-scale relationship with rainfall when the boreal summer is considered. This may be related to the MJO affecting the strength and timing of the South Asian monsoon, which is known to influence the climate of the northern extratropics. The remainder of the discussion will focus on phases 2 and 7, which were found to have the strongest relationships with global rainfall and indicated predictive skill comparable to ENSO.
Following JJA, when the MJO is active in the western Indian Ocean there is an evolution of significant seasonal rainfall anomalies in the continental Northern Hemisphere, which has a zonal banding structure. Over Asia, positive anomalies are generally found south of 40 • N and north of 60 • N, with negative anomalies in-between from JAS to SON. In North America, the zonal banding becomes apparent from OND to DJF, with negative anomalies around 35 • N, positive anomalies near 50 • N, and negative anomalies throughout much of Canada and Alaska. This pattern is quite different from the global rainfall anomalies typically experienced following an El Niño event.
A significant portion of the Northern Hemisphere land area experiences noteworthy seasonal precipitation anomalies following an active DJF MJO season in the west-central Pacific. Positive anomalies are more likely over Asia and negative anomalies are seen over North America. Unlike the western Indian Ocean MJO however, these precipitation anomalies have some resemblance to the patterns found following a DJF El Niño. This is even more the case when the JJA MJO season and JJA El Niño are compared.
Conclusions
Studies [5, 6] continue to show that the MJO can impact the distribution of daily rainfall including precipitation extremes around the world through modulations of surface pressure and upper-air height fields. However, there is some question as to whether these intraseasonal variations in the atmosphere can have an accumulated effect on rainfall at certain locations over a season. This type of information is important for many climate end-users, such as farmers, that require long-range planning.
It was found that MJO activity in many geographic locations or phases either shows little relationship with rainfall, does not demonstrate improvement over ENSO as a predictor, or is potentially related to ENSO (e.g., phase 7). However, an active MJO in the western Indian Ocean during June-July-August can be an important predictor of precipitation over Northern Hemisphere land areas into the winter season. Furthermore, many of these regions are good candidates for the development of regression equations and seasonal outlooks of precipitation, as their standard deviations of rainfall constitute a large proportion of their means.
Finally, it is important to reiterate that individual MJO events do not directly affect remote regional precipitation anomalies six months later, but this study and others [7] are beginning to demonstrate that the interannual variability of seasonal MJO activity can trigger a chain of teleconnections that affects rainfall months later, and should motivate future work aimed at understanding the intervening oceanic and atmospheric forcing mechanisms between MJO activity and regional rainfall anomalies.
